The directional responses of turtles to simulated magnetic coordinates of positions in the sea have given insight into the turtles' route-like and map-like behaviour.
Thomas S. Collett 1 and Matthew Collett 2 Many young animals embark on long migratory journeys with only inherited instructions to guide them. Such migrations are often seasonal and oriented roughly along a North-South axis. As the instructions will have taken many generations to evolve, the guidance cues that the instructions exploit must be long-lasting and, of course, must operate over long distances. The known cues are either astronomical or geophysical. For example, Monarch butterflies born in late summer migrate southwards from North America to over-wintering sites in Mexico [1] . Their direction is guided at least in part by a time-compensated sun compass [2, 3] . Indigo buntings, migrating southwards at night, set their direction of flight by constellations around the North Star [4] . Such [5, 6] . By simulating the signatures of different positions, hatchlings can be teleported to any place in the sea.
Hatchlings from Florida head out from their natal beach to the open sea, to enter and follow the Gulf Stream and North Atlantic gyre in a gigantic ellipse within and around the Sargasso Sea ( Figure 1A ). Food is plentiful there and the mats of floating sea-weed give some protection from predators. The young turtles stay circulating within this region for several years, while they grow and become less vulnerable. For much of the time they are carried passively by the currents. But there are points where the turtles must respond actively to avoid being swept out of the gyre. In several recent papers [7, 8] , the Lohmanns and their collaborators have shown that hatchlings come equipped with instructions to provide this active navigation.
Newly emerged hatchlings in the laboratory start to swim as soon as they are placed in water and they will do so for several days. In the Lohmanns' experiments, a hatchling is restrained by a harness ( Figure 1A ) to swim in the central portion of an arena, where it experiences a uniform magnetic field of which the intensity and inclination are set to simulate a given geographical position. The hatchling's mean direction is determined during one five minute period. At each of the eight simulated locations that have been tested within the gyre, the samples of 20 to 50 hatchlings tend to show consistent, location-specific headings.
The mean swimming directions observed at the simulated positions (arrows in Figure 1A ) seem to help the animals keep within the gyre. For instance, swimming SE near the Florida coast at position 'a' assists the turtles to reach the gulf stream, rather than being swept north into cold water [9] . One danger point is towards Portugal (position 'c' in Figure 1A) , where the eastern current divides, with one branch going northwards. Here the inherited instructions direct the turtles southwards. In contrast, the NE swimming direction at 'b' may help turtles reach the Azores where food is very plentiful [6] .
The effectiveness of the turtles' active swimming will depend on the speed and direction of the current. In some places, the turtle is just swept along by the current, while at others it can exert active control (Ken Lohmann, personal communication). The adaptive pressure on the inherited instructions is thus likely to vary greatly from region to region.
How might the set of inherited instructions be encoded? The Lohmans propose that inherited heading directions are triggered by specific magnetic signatures [7] [8] [9] . The paths of individuals as they travel around the North Atlantic appear to vary widely [10] . One possible path is illustrated by the dashed blue loop in Figure 1A . The gradually changing magnetic signature along this loop is plotted in Figure 1B . In this graph, the abscissa shows the inclination of the earth's magnetic field and the ordinate the intensity along the loop. The loop transforms into a narrow figure of eight with both Florida and the Iberian coast towards the top left and the South Atlantic towards the bottom right. Over much of the gyre positional differences can be detected through magnetic information. But magnetic cues resolve latitude much better than longitude, and an obvious ambiguity exists at the crossing point, where two geographical locations have the same magnetic signature.
The most recent paper, by Fuxjager et al. [8] , begins to examine the turtles' responses when the animals are tested in simulated positions that are well outside or at the edge of the gyre. The importance of mapping this behaviour over a broad area is two-fold: first, to discover what corrective responses exist to return straying turtles to the gyre; and, second, to examine how far the turtles' inherited instructions extend beyond their normal routes. Simulated positions at the north-eastern edge of the gyre, which are beyond the routes followed by many turtles, produce swimming directions that would bring turtles back into the gyre. When hatchlings were tested far north of the gyre, as shown by the red asterisk in Figure 1A , their swimming directions were essentially random, as though this remote location has no directional response associated with its magnetic coordinates. It would be interesting to examine generalisation across the interior of the gyre and at points where the magnetic signature provides an ambiguous geographical location. The patterns of generalisation, and also the degrees of variability between individuals, may reveal something about the adaptive pressures on the routes.
Linking the direction of travel to the values of sensory cues to position is a powerful way of encoding a route and is probably employed more widely in animal navigation. For instance, on a much smaller spatial and temporal scale, desert ants will follow a learnt and stereotyped route around a visual landmark [11] . As with turtles, the route is curved, with ants gradually changing their direction of travel. In the ant's case, there seem to be learnt mappings between the current visual landscape and the ant's current direction of movement. And again, like the turtle, an ant behaves as though lost when it is displaced outside its mapped route.
Many animals seem to have two basic strategies for reaching a place. The first is arriving there via one or a few fixed routes and not knowing what to do if displaced to somewhere far off the route, like the hatchlings moved close to Greenland. The second navigational strategy is an ability to reach a place from a wide array of unfamiliar starting points, using sensory cues that vary smoothly between starting point and goal. The animal can then guide itself by the difference between the values of the cues that it knows to exist at the goal and those that it encounters at the starting point. The technique of teleporting turtles and other animals to magnetically defined places, which works so well for understanding the turtles' inherited routes, is also revealing map-like navigational strategies in older individuals that have learnt or become imprinted on particular locations.
In contrast to hatchlings, older turtles often have fixed feeding grounds to which they return after migration or experimental displacement. Juvenile green turtles with several years experience of feeding in an area to the east of central Florida were put in magnetic fields that simulated positions w350 km north or south of that site [12] . The turtles responded by swimming in a direction that would bring them back to their feeding grounds. The arrows in the graph, shown as an inset in Figure 1B , indicate the mean directions in magnetic coordinates that the turtles took at the two simulated positions. The heading directions are more or less along the magnetic gradient to their goal (+).
Similar data have been obtained for red spotted newts [13, 14] and for lobsters [15] displaced from familiar sites. The newt data conform nicely to what one would expect of the map-like behaviour of an animal highly sensitive to a sensory cue that varies smoothly over long distances. Newts have natal ponds from which they wander over a few kilometre when juveniles and to which they tend to return when reproductively active. Newts tested with magnetic inclinations that simulated this natal pond were undirected. When tested with magnetic inclinations that simulated positions roughly 30-40 km (inclination: -0.33 ) or 200 km (inclination: 2 ) from their natal pond, the newts headed towards the magnetic coordinates of the pond [14] .
If it turns out that turtles are as sensitive to small magnetic differences as are red spotted newts, then they would have enough magnetic information to underpin a two-dimensional geographic map covering much of the north Atlantic. Such a map would be locally consistent. But, as illustrated by the crossing point of the figure of eight in Figure 1B , there are regions where a mapping between magnetic and geographical coordinates would be ambiguous and non-linear. It remains to be seen whether such ambiguities create problems for the turtles' navigation. 
